Graphene or functionalized graphene has provided numerous possibilities for applications in many fields because of its superior physical and chemical properties[@b1][@b2][@b3]. The assembly of graphene into three-dimensional (3D) macroscopic structures has attracted much attention[@b4] since it paves a way to implement the superior properties of individual graphene sheets for macroscopic applications, such as energy storage[@b5][@b6], bionics research[@b7][@b8][@b9], water treatment[@b10][@b11] and template frame[@b12][@b13]. Usually these applications require well-defined structures with high mechanical strength as well as high porosity. In the past several years, much effort had been devoted to the fabrication of monolithic graphene based solid structures with high porosity, including in-situ self-assembly[@b14][@b15], hydrothermal method[@b16], molecular templates[@b17], Langmuir--Blodgett assembly[@b18], layer-by-layer assembly[@b19], and direct chemical vapour deposition on selected substrates[@b20][@b21][@b22]. Among those advanced fabrication methods, hydrothermal method is the most attractive one due to its low cost and easy implementation.

Graphene aerogel (GA), a nanoscaled graphene aggregation network with low density, large open pores and high specific surface area, is usually prepared from graphene oxide via hydrothermal method and subsequent supercritical fluid drying or freeze drying. However, the high porosity of GAs usually sacrifices their mechanical strength, which will prevent them from wide-spread applications[@b23][@b24][@b25]. Hence graphene aerogel with improved mechanical performance is urgently needed.

Recently, the preparation of 3D graphene is of great interest. Tang et al. prepared noble-metal promoted graphene aerogel, which had a compressive strength of 0.042 MPa and exhibited excellent catalysis performance[@b26]; 3D nitrogen riched GA with uniformly-distributed Pt/Ru nano particles was also prepared, which demonstrated good performance for methanol electrochemical oxidation reaction[@b27]; Gao et al. obtained polydopamine-modified graphene hydrogel (PDA-GH) via one-step hydrothermal method, and demonstrated its high adsorption capacity towards heavy metals, synthetic dyes, and aromatic pollutants[@b11]; Sun and co-workers fabricated all carbon ultra-flyweight aerogels (UFAs with density ρ ≥ 0.16 mg cm^−3^) with high adsorption capability for CCl~4~ from freeze-drying aqueous solutions of carbon nanotubes (CNTs) and graphene oxide (GO)[@b25]. Hu et al. also prepared ultralight graphene aerogels functionalized by ethylenediamine[@b23]. Cong et al. reported a one-step fabrication of macroscopic multifunctional graphene-based hydrogels by adding ferrous ions and in situ simultaneous deposition of nanoparticles on graphene sheets, which exhibited excellent performance in the removals of pollutants[@b28]; Similar researches were carried out by other groups through modifying graphene oxide by polymers[@b29][@b30], metal nanoparticles[@b6][@b10] and metal ions[@b31][@b32]. Although progresses had been made in the preparation and application of GAs or functionalized GAs, the application of which was still restricted by their relative low mechanical strength and easy dispersion in polar solvent because of their abundant oxygen functional groups. It is noted that in the hydrothermal fabrication methods, the volume and density of the GA were only controlled by the size of the container or the concentration of graphene oxide solution, which cannot be fully controlled. Therefore, how to control the microstructural characteristics of GAs such as density and porosity in a flexible manner is still one of the challenging issues that hinder the development of next generation GA based materials.

Herein, GAs with high mechanical strength and tunable volume or density are prepared by simply soaking the GHs in ammonia solution. Volume or density of GAs is controlled by the controllable shrinkage of GHs during freeze drying, and which is adjusted by the concentration of ammonia solution. The improved mechanical strength is associated with the shrinkage of GA, which is increased to 2.1 KPa when the density of GA increases to 70 mg cm^−3^ (the volume is reduced to 33% of that before treatment). Remarkably, the samples demonstrate excellent adsorption ability for Pb^2+^ and organic solvents in spite of the volume shrinkage. In addition, the sample can be easily removed from the solvent after adsorption processes, indicating its great potential in the practical applications as environmental friendly materials.

Results and discussion
======================

In our previous study, strengthened 3D GA was obtained by pretreating graphene hydrogel (GH) in ammonia solution[@b33]. The present work demonstrates that besides the enhancement of mechanical strength, the volume and density of GAs can be controlled easily by adjusting the concentration of ammonia solution. [Figure 1(a)](#f1){ref-type="fig"} clearly shows that the volume of the GAs decreases gradually when they are treated by the ammonia solution with increasing the concentration, and which decreases significantly when the concentration of ammonia solution increases to 22%. As shown in [Figure 1(b)](#f1){ref-type="fig"}, the volume of *a*-GA-10% is about 1.81 cm^3^, while it is reduced to 0.61 cm^3^ for *a*-GA-22%. Using the volume of *a*-GA-10% as a reference, the relative volume of *a*-GA-22% is shrunk to 33%. The significant shrinkage of GA results in the increase of its density. From [Figure 1(b)](#f1){ref-type="fig"} it could be seen that the density of GA increases from 16.5 mg cm^−3^ to more than 70 mg cm^−3^ when the ammonia concentration increases from 10% to 22%. The increase of the density and the decrease of the volume after ammonia solution treatment indicates the strong coalescent of graphene sheets, which could lead to the enhanced mechanical strength of GA. As shown in [Figure 1(c)](#f1){ref-type="fig"}, the compressive strength of *a*-GA-N improves slightly when it is treated by ammonia solution with lower concentration, while it reaches as high as 2.1 kPa for *a*-GA-22%.

As reported previously, when GH was directly dried at room temperature, GA with high compressive strength could be obtained since GH shrank seriously. However, the porous structure of GH was lost[@b34]. In the present study the ammonia solution treatment not only improves the mechanical strength of GA without sacrificing its porous structure, but also controls its density by adjusting the concentration of ammonia solution. It is well known that when GHs are soaking in ammonia solution, the water inside the system is partially replaced by ammonia solution until the concentration goes to balance. Consequently, when the GH is treated by ammonia solution with higher concentration, the resulting ammonia concentration contained in the GH should increase, which therefore leads to higher ice point[@b35]. During the freeze drying process, ammonia volatilizes gradually, and water inside the GHs evaporates simultaneously until the solution is frozen. The shrinkage of GH is accompanied by the evaporation of water; therefore, the shrinkage of GH could be controlled by adjusting the evaporation time of water (which is controlled by the concentration of ammonia solution inside the GH), then GAs with controllable volume or density can be obtained by the controllable shrinkage of GHs.

It is interesting that not only the porous structure is maintained, but also the macroscopic radial structure is obtained after ammonia solution treatment, as observed from the SEM images of the samples. From the SEM images with low magnification shown in [Figure 2(a--d)](#f2){ref-type="fig"}, it can be seen that all the samples possess radial structure. When the concentration of the ammonia solution is low, graphene sheets are interlaced together to form porous structure. When the ammonia concentration is increased to 22%, graphene sheets tend to form tightly layered architecture. Details of the porous structures are shown in [Figure 2(e--h)](#f2){ref-type="fig"}. There are abundant macropores in the samples, which decrease significantly in sizes when the samples are treated by the ammonia solution with high concentration. Correspondingly, the macropore walls become thicker, especially for *a*-GA-22%. Although the macropores decrease significantly when the concentration of ammonia solution increases, the specific surface area of all the samples is maintained at about 350 m^2^ g^−1^, and the N~2~ adsorption-desorption isotherm curves ([Figure S1](#s1){ref-type="supplementary-material"}) are similar with each other despite of the shrinkage of GH. The developed macropores with high specific surface area and radial structure in GAs make them ideal candidates for adsorption applications. On the contrary, when GH is directly dried at room temperature, the resulting GA will shrink seriously and rare pores can be found. The surface of the GA is tight and smooth ([Figure S2](#s1){ref-type="supplementary-material"}), and the specific surface area is only 80 m^2^ g^−1^.

X-ray photoelectron spectroscopy shown in [Figure 3(a)](#f3){ref-type="fig"} indicates that GA has a predominant graphitic C 1s peak at around 284.6 eV and a weak O 1s peak at around 532 eV, but has no N 1s peak without ammonia solution treatment. When GHs are pretreated by ammonia solution of different concentrations, N 1s peak appears, and the content of N is about 2%, which has little change. Because the ammonia is excessive, there is sufficient ammonia to react with graphene. The increase of ammonia concentration influences little on the reaction between graphene and ammonia. Detailed information can be seen from the C 1s spectra of GA and *a*-GA-N. Besides the typical peaks of GA (C-C/C = C at 284.6 e, C-O/O-C-O at 286.1 eV, C = O at 287.9 eV and O-C = O at 289.2 eV), there is a new peak for C-N at 285.4 eV observed in the spectrum of *a*-GA-N, indicating that a new covalent C-N bond is formed between graphene nanosheets and ammonia. It is worth noting that the intensities of C-N do not increase significantly with increasing ammonia concentration, indicating that almost all the active sites of graphene sheets could have reacted with ammonia with lower concentration. Moreover, as shown in [Figure 3(b--f)](#f3){ref-type="fig"}, the intensities of C-C/C = C peak increase due to hydrothermal processing and ammonia soaking, indicating that GO is partially reduced to form GA, and GA is further reduced by ammonia to form *a*-GA-N.

3D GA materials have been considered as ideal adsorbents for water purification[@b4][@b36]. Because of its high specific surface area and abundant functional groups, GO could theoretically adsorb Pb^2+^ as high as 842 mg g^−1^ at 293K[@b37]. But it is hard to remove from water due to its excellent hydrophilic property. Alternatively, *a*-GA-N could be more suitable for water purifying because of its high specific surface area, radial structure, high mechanical strength and easy separation. Here, we test the adsorption capacity of *a*-GA-N towards Pb^2+^ in water. As shown in [Figure 4(a)](#f4){ref-type="fig"}, the *a*-GA-10% keeps its initial shape after being shaken for 24 h in the Pb^2+^ solution, demonstrating that it has high mechanical strength and can be reclaimed easily. [Figure 4(b)](#f4){ref-type="fig"} shows that *a*-GA-10%, *a*-GA-14% and *a*-GA-18% exhibit similar adsorption capability for pb^2+^ despite of their significant differences in volume. Their adsorption capability could be as high as 80 mg g^−1^, which is higher than those of *a*-GA-22% (about 68 mg g^−1^) and GA (55 mg g^−1^) and much better than that of activated carbon[@b38][@b39][@b40]. That means without sacrificing the adsorption capacity, the volume of *a*-GA-N can be controlled to save space and it is more convenient and efficient to remove some pollutants out of water. If their adsorption capacities are calculated by volume, the *a*-GA-22% could at least adsorb as much as 5000 g pb^2+^ per cubic meter as shown in [Figure 4(c)](#f4){ref-type="fig"}, which is 5 times more than that of GA. The results well demonstrate that the samples are convenient and effective in water purification. The possible reason for the high adsorption capacity of *a*-GA-N could be the increased adsorption active sites due to the existence of N covalent bonds. The slight decrease in the Pb^2+^ adsorption capacity of *a*-GA-22% may be attributed to the serious reduction in its macropores. It is noted that the adsorption reaches equilibrium in about 2 hrs, which is much faster than that of activated carbon[@b41]. This phenomenon is attributed to its unique porous and macroscopic radial structure. Furthermore, after directly separated from the polluted solution, GA could be regenerated via an ion desorption process, the adsorption capability of the regenerated *a*-GA-10% still reaches 52 mg g^−1^ in the 5th cycle, as shown in [Figure S3](#s1){ref-type="supplementary-material"}, which is 65% of its maximum adsorption capacity.

The interaction between the samples and Pb^2+^ is detected by differential pulse anodic stripping voltammetry (DPASV). As shown in [Figure 5](#f5){ref-type="fig"}, the anodic peak observed at about −0.53 V is fitted into the redox reaction of Pb^2+^ deposition, and the peak intensities represents the mass of lead ions adsorbed by GA or *a*-GA-10%. The results demonstrate that the intensity of *a*-GA-10% is slightly higher than that of GA. As is just reported[@b42], slight N-doping of graphene could improve its affinities to pb^2+^, indicating that nitrogen introduced onto graphene sheets could play an important role in the adsorption of pb^2+^ because of its lone-paired electrons.

Besides the excellent adsorption capability for Pb^2+^, *a*-GA-N also demonstrates high adsorption capacity for organic solvents. [Figure S4(a)](#s1){ref-type="supplementary-material"} shows that *a*-GA-10% can adsorb toluene as high as 41 times of its own weight. When the volume of *a*-GA-N is reduced, as shown in [Figure S4(b)](#s1){ref-type="supplementary-material"}, the adsorption capability for toluene decreases, suggesting that the adsorption capability for organic solvents is mainly affected by the porosity.

Conclusion
==========

GAs with high mechanical strength, tunable volume and density were prepared. Mechanical strength of GA was enhanced significantly when the hydrogel was soaked in ammonia solution with high concentration. Although the macropores of GAs decreased resulting from the volume shrinkage of GHs, the specific surface area was maintained at about 350 m^2^ g^−1^, and the radial structure appeared after ammonia solution treatment. Because of their unique structure and high specific surface area, GAs prepared in this work demonstrated high adsorption ability for Pb^2+^ and organic solvents. The advantages and potential applications of GAs are significant. For example, they can be used as environmentally friendly materials for waste water treatment and energy conversion and storage.

Methods
=======

Synthesis of samples
--------------------

Graphene oxide was chemically exfoliated via a modified Hummer\'s method[@b43] from natural graphite flakes. The details were described in the supplementary information. GO solution of 2 mg ml^−1^ was prepared by the sonication of 2.2 g graphite oxide in 1 L water for about 2 hrs, after which the aggregates were removed by mild centrifugation (3000 rpm for 10 mins). Graphene hydrogels (GHs) were fabricated by a typical hydrothermal method. In brief, 35 ml (2 mg ml^−1^) of GO solution was put in a Teflon-lined stainless-steel autoclave, sealed, and hydrothermally treated at 180°C for 20 hrs to obtain GH. The obtained GH was put into another stainless-steel autoclave, which was hydrothermally treated by 35 ml of ammonia solution with varying concentration (10%, 12%, 14%, 16%, 18%, 20% and 22%(the original ammonia solution was considered 28v/v%)) at 90°C for 1 hr, Then GH was transferred to a freeze dryer directly after the vessel was cooled to room temperature. After freeze drying for 72 hrs at −70°C, the strengthened and volume controllable GA was obtained. The GHs after ammonia treatment were labelled as *a*-GH-N, which were further labelled as *a*-GA-N after freeze drying, where N referred to the concentration of ammonia. As comparison, the GH without ammonia solution treatment was directly freeze dried with the same condition, which was denoted as GA.

Characterization
----------------

Mechanical strength of the samples was measured by a compression testing machine (Materials Testing Machine, *ZWICK*). The morphology and structure of *a*-GA-N were observed by field emission scanning electron microscopy (FESEM, FEI Quanta FEG) with an accelerating voltage of 20 kV. Functional groups and chemical bonds of samples were determined by X-ray photoelectron spectroscopy (XPS, PHI 5000C ESCA) at a base pressure of 1 × 10^−9^ mbar. Specific surface areas of the samples were measured by nitrogen adsorption-desorption isotherms performed at 77 K on a Micromeritics ASAP-2020 volumetric adsorption system, and the specific surface area (SSA) was calculated by the Brunauer-Emmett-Teller (BET) method.

Pb^2+^ adsorption experiments were carried out at room temperature. Typically, GA or *a*-GA-N (30.0 mg) was put into 100 ml aqueous solutions with Pb^2+^ concentration of 100 mg l^−1^, then which was shaken for different durations. After adsorption, the *a*-GA-N and GA were directly removed from the solution. The concentration of metal ions after adsorption was determined by atomic absorption spectrophotometer (ASS, TA5-990). The adsorption capacities of the adsorbents were calculated by the formula Where C~0~ and C~f~ represent the initial and final concentrations (mg g^−1^), respectively, and V is the volume of the solutions (ml); M is the mass of the adsorbents (mg). The adsorption/desorption performance were also measured. The samples after Pb^2+^ adsorption were treated by dilute nitric acid (0.1 M) at 90°C for 1 hr to remove the adsorbed Pb^2+^, then the samples were washed by distilled water to neutral, after dried at 100°C for 6 hrs, the samples were allowed to adsorb Pb^2+^ again with the same procedure as the first adsorption, the process was repeated for five times. The interaction between the samples and Pb^2+^ was investigated by an electrochemical workstation (CHI760d, CH Instrument) using a three-electrode cell. In the three-electrode system, Pt was the counter electrode; Ag/AgCl was the reference electrode; a glassy carbon (GC) of 3.0 mm in diameter coated with the sample acted as the working electrode. Details of the characterization were described in the supplementary information.
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![(a) Photographs of *a*-GA-10%, *a*-GA-12%, *a*-GA-14%, *a*-GA-16%, *a*-GA-18%, *a*-GA-20% and *a*-GA-22% with the same mass and different volumes (from left to right). (b) The volumes of *a*-GA-N and their corresponding densities. (c) The compressive strengths of *a*-GA-N samples.](srep05025-f1){#f1}

![SEM images of *a*-GA-N.\
Low and high magnification SEM images of *a*-GA-10% (a and e), *a*-GA-14% (b and f), *a*-GA-18% (c and g) and *a*-GA-22% (d and h) indicate that the macropores of *a*-GA-N are less when they are treated by ammonia solution with higher concentration, while the pore walls become thicker.](srep05025-f2){#f2}

![(a) X-ray photoelectron spectra of GA and *a*-GA-N, and the corresponding C *1s* spectra of GA (b), *a*-GA-10% (c), *a*-GA-14% (d), *a*-GA-18% (e), and *a*-GA-22%(f).](srep05025-f3){#f3}

![(a) Photograph of a-GA-N after Pb^2+^ adsorption under shaking condition for 24 h. The well-defined cylinder shape is maintained because of its excellent mechanical strength. (b) Kinetics of Pb^2+^ adsorption of GA and *a*-GA-N. (c) Adsorption capacity by volume of GA and *a*-GA-N. The adsorption capacity of *a*-GA-22% could reach as high as over 5000 g m^−3^.](srep05025-f4){#f4}

![Differential pulse anodic stripping voltammetric curves of Pb^2+^.](srep05025-f5){#f5}
